Abstract: The effect of particle volume fraction, strain rate and interfacial bonding strength on the damage to a glass bead-®lled high density polyethylene composite was studied experimentally by means of cyclic tension tests. Although the volume fraction of the glass beads varies from 5% to 25%, the materials studied are always sensitive to the strain rate, re¯ected by an increase of the modulus with strain rates changing from 10 À3 s À1 to 10 À5 s
INTRODUCTION
The concept of adding rigid particles into a tough polymer was ®rst raised in 1984 1 in the hope of increasing both its strength and toughness. In general, the strengthening effect can be relatively easily obtained with the above material systems. The toughening effect depends quite strongly on factors such as the particle size and size distribution, volume fraction and distribution of the particles, and strength of the interfacial adhesive bond. Both strength and ductility are related to the mechanisms causing damage. Therefore, the development of damage in rigidparticle-®lled polymers is also controlled by the factors cited above.
Adhesion at the particle±polymer interface has been shown to exert a considerable in¯uence on the mechanical responses, and a correlation between the characteristics of the particles and the polymer properties has been established. 2 If the interfacial adhesion is strong, interfacial debonding will be initiated at a relatively high stress level. Otherwise, it will take place at low stress and so the damage will occur too early. This was proved in our previous work 3, 4 with a glassbead-®lled high density polyethylene. The polymer and rigid-particle-®lled polymer are generally viscoelastic or viscoplastic materials, and their mechanical properties are sensitive to strain rates. This can be seen from the dependence of the Young modulus and maximum tensile stress on the strain rates. 5 While the damage rate for ductile materials is proportional to the cumulative strain rate and the released strain energy density, 6 in the case of strong adhesion at the interface, both tensile strength and elastic modulus increase with the particle volume fraction, and the modulus is also affected by the particle size. 7 Therefore, the damage to a rigid-particle-®lled polymer depends on many factors including the microstructure and properties of the particle and matrix.
In this paper, three factors are studied experimentally: interfacial adhesive strength, strain rate, and volume fraction of the particles. The material system used is glass bead (GB)-®lled high density polyethylene (HDPE). The results obtained certainly help us to understand the damage mechanisms of a rigidparticle-®lled polymer. It should be mentioned that a similar study concerning the pristine HDPE used in this study is reported in refs 4 and 5. A comparison of mechanical properties between pure HDPE and glassbead-®lled HDPE is also presented in the same references. Therefore, no results on pure HDPE have been introduced in this work. 3 ) with surfactant content of 1 wt%. The treated GBs were blended with HDPE in a twin-screw extruder at 200± 220°C, the feeder and screw speeds are 30 Watt and 180 Watt respectively. For A-1100 treated GB/HDPE composites, to increase interfacial adhesion, 10 wt% of HDPE-g-maleic acid was added. The pelleted extrudate was injection moulded into tensile samples. Before mixing, the exact weight ratios between HDPE and GB coupled with coupling agent were chosen, so that the weight fractions of GB were known; the GB volume fractions were calculated using the relationship between the weight and volume, the density of all materials being known. Three weight ratios were chosen to give three GB volume fractions of 5%, 15% and 25%, respectively. The diameter of 500 GB beads was measured; they varied from about 15 to 45 mm, with the maximum percentage at about 30 mm, as shown in Fig 1 . Table 1 gives the coupling agents used and the interfacial bonding states of the materials studied. Chemical bonding was assumed to have greater bonding strength than physical entanglement. In fact, a study on the same material systems shows that the interfacial tensile strength of HDPE/GB coated with silane was about 17.2 MPa, while that treated with titanate was about 8.6 MPa. 9 The modi®cation of particle surfaces may be brought about in a variety of ways. 10 One can obtain different structures for surface monolayers on particle surfaces depending on bulk and functionality of the absorbing molecule and the density of surface reactive sites. 9 The interfacial connection between coated GB and HDPE was illustrated by Bai et al 4 for the materials studied in this work.
MATERIALS AND TEST METHODS
The cyclic tensile tests were carried out on an MTS810 instrument under strain rates of 8 Â 10
À4 s À1 and 3 Â 10 À5 s À1 , respectively. The geometry of the tensile samples was determined by ASTM D638M. From the cyclic s±e curves, the Young moduli were measured and the damage evolution evaluated.
RESULTS AND DISCUSSION 3.1 Stress-strain relationship under cyclic tension
The cyclic s±e curves obtained are shown in Fig 2. The unloading process continues until zero load for each cycle, and then reloading follows. In general, polymer materials such as HDPE show viscoelastic behaviour, ie the stress depends on both strain and strain rates. The viscoelastic properties of the materials studied are demonstrated by the fact that s±e curves move up with increasing strain rates. Strain softening happens at a strain magnitude of about 10% under a strain rate of 8 Â 10 À3 s À1 , marked by stress decreasing when the strain exceeds 10%, while under lower strain rates, the maximum tensile stress remains almost constant, meaning that no strain softening phenomenon happens. For the composite with 25% of GB by volume, some samples were ruptured before the far®eld strain reached 20%. It seems from this phenomenon that the fracture strain decreases with increasing GB volume fraction. This result means that toughness decreases with increasing GB content. In fact, the toughness depends on many factors, such as particle size, particle content and interfacial adhesion strength. One important parameter is the thickness of the ligament between two particles; under a critical ligament thickness, the toughening effect can be greatly enhanced. Many studies have considered this problem. 11, 12 The role of the interface on the strengthening effect can also be seen from the s±e curves in Fig 2. The tensile s±e curves for GH7-9 with strong interfacial adhesion are always above those for GH4-6 with weak interfacial adhesion, meaning that strong interfacial adhesion can endow the composite with greater resistance to loading. This point of view is the same in the case of ®bre-reinforced composites, while the in¯uence of interfacial adhesion on the toughening effect is still a problem worth studying. Figure 3 gives the dependence of the Young modulus E 0 on the strain rate log _ e. The Young modulus E 0 was measured with the loading s±e curve of the ®rst cycle, so it represents the initial modulus of the studied materials without damage. It was found that E 0 increases almost linearly with log _ e despite the different GB contents. This dependence of modulus on strain rates is just one of the characteristics of viscoelastic materials.
Effect of particle volume fraction and strain rate on the modulus
The modulus always increases with increasing GB volume fraction, because the rigid GB can resist the transverse contraction of the matrix material, and so increase its rigidity. The quasilinear dependence of the Young modulus on GB volume fraction is observed as shown in Fig 4. In fact, by extrapolation to the case of pure matrix, ie V f = 0, the E 0 value also respects the quasilinear dependence as shown by the experimental results given by Bai et al. 5 By using the theory of micromechanics, many studies have been carried out on the prediction of the rigidity of particle-®lled materials. 13, 14 However, if the matrix material is neither viscoelastic, nor linear elastic, theoretical modelling becomes very complicated. Besides, the effect of strain rates should be taken into account in the modelling. The in¯uence of the interfacial bonding strength on the modulus is small because modulus measurement is, in general, undertaken under small deformations, and the interface is not debonded
Damage evolution and affecting factors
From cyclic s±e curves, it can be seen that the unloading curves incline more and more with the cycles. The damage in the materials nucleates when the applied stress or strain reaches a critical value, and then it accumulates during the cyclic loading±unload-ing process. The unloading curves at low stress level are linear, not like the initial parts of the loading and unloading curves which are non-linear. Thus, the slope of the unloading curves at low stress can be measured and assumed to represent the modulus of the materials damaged. The stress domain for the modulus measurement is 0±5 MPa. Therefore, the Young modulus after certain loading±unloading cycles is E i = Ds/De = 5/De, with De depending on the material properties and strain rates. The schematic illustration of the damage modulus E i , far-®eld strain e far and residual strain e r is shown in Fig 5. Here, e far is the maximum applied strain of each cycle and e r is the residual strain after unloading to zero.
To quantify the degree of damage which has occurred in the materials, the traditional concept of damage mechanics is used here by de®ning the damage parameter D =1ÀE i /E 0 . The dependence of the damage parameter D on the far-®eld strain e far is given in Fig 6 for all the materials studied. The D±e far curves are composed of two different parts, an initial part of rapid damage development and second part of slow damage development. It seems that the D value will approach unity if the far-®eld strain increases further.
The in¯uence of GB volume fraction on the damage can be seen from the curves in Fig 6. For a given e far and under a certain strain rate, the greater the GB volume fraction, the greater the degree of damage. The GB is considered to be rigid relative to the HDPE matrix, so neither deformation nor rupture happens to GBs. Therefore, the damage may come from matrix microcrazing or interface debonding. It is well known that HDPE has a glass transition temperature ranging from À20°C to À100°C, so at room temperature under which all tests were undertaken, no microcrazing phenomenon takes place during deformation. Besides, the greater the crystallinity, the stiffer the material, ie the movement of the molecular chains is more constrained than in amorphous plastics. It was found that the degree of crystallinity increases with increasing content of ®llers. 8 According to the observation during in situ tensile tests under scanning electron microscopy, interfacial debonding is the source of the damage nucleation as shown by the photograph in Fig 7. This means that with the increasing GB volume fraction, the number of interfacial cracks increases. The damage parameter D is, in fact, a function of the crack density inside the materials. D increases with the crack density, while the latter is directly proportional to the particle volume fraction if interfacial debonding dominates the damage process.
From the curves in Fig 8, the roles played by interfacial adhesion and strain rates on the damage can be clari®ed. Under a given strain or stress, the stronger the interfacial adhesion, the lower the number of particles debonded, so the smaller the value of D. When e far increases to a critical value, all the particles are debonded from the matrix. From this stage onwards, two materials with the same GB volume fraction but different interfacial adhesion strengths are now both ®lled with the same density of microcracks. Therefore, D±e far curves for different materials become closer and closer as e far continues to increase. The D±e far relation in Figs 6 and 8 is different from that for ductile metals. For the latter, the D value generally increases slowly at low stress or strain levels and then increases rapidly at high stress or strain levels until failure. This type of variation of D is due to the damage mechanism being dominated by microcracks. For a given particle±polymer system, the interfacial bonding strength can be regarded as constant. Hence, when the applied stress is high enough to cause interfacial debonding (ie local normal stress at the interface being equal to the interfacial tensile strength), all particles may theoretically be debonded at the same time. This process of interfacial debonding is brutal and rapid, and is the reason for the rapid increase of the D value in the initial stages of damage. In reality, many particles, but not all, were debonded in the early stages of damage. The slowly increasing part of the D value at high far-®eld strain is controlled by the growth of interfacial cracks into microvoids formed at two poles of each particle. It was proved in our previous works that before the maximum applied far-®eld stress was reached, all the particles in the materials were debonded. Subsequent application of the load can only cause the growth of the microvoids and no new cracks are created. It is well known that the damage is sensitive to the density of microdefects, and insensitive to their dimensions. The analysis made here can well explain the D±e far relation. For a given GB volume fraction and interfacial adhesion strength, the effect of strain rate on the damage can also be analysed based on the curves shown in Fig 8. Although this effect is not as important as the GB content and interfacial adhesion strength over the range of strain rate used, it seems that a low strain rate can result in greater development of the damage. This may be due to the time-dependent evolution of the damage.
After each loading±unloading cycle, the applied strain does not return to zero, but to a residual strain e r as shown in Fig 5. The residual strain e r can be measured as a function of far-®eld strain e far , as shown in Fig 9. There is no evident change of the residual strain for different GB volume fractions upon comparing the e r ±e far curves of the materials with the same GB volume fraction, but different interfacial adhesion strengths, it seems that the residual strain is independent of the interfacial adhesion strength. However, the effect of strain rate on the residual strain is evident. The greater the strain rate, the greater the residual strain. The residual strain is composed of two parts: residual deformation of the microvoids still open and viscoelastic strain. The viscoelastic strain depends on the reverse time. As the strain rate increases, the reverse time of the matrix becomes shorter, resulting in greater residual strain. This point of view corresponds well with the experimental results. The interfacial microvoids continue to grow with loading at two poles of the particles. During unloading, the microvoids are compressed to reduce their dimensions, but not completely closed as assumed.
CONCLUSIONS
Rigid particle ®lled polymer composites are designed to exhibit both high strength and high toughness, but these properties are strongly affected by the particle size and size distribution, particle content and interfacial adhesion strength. Their mechanical properties also depend on the strain rates because they are, in general, viscoelastic. The damage during cyclic tension was found to be controlled by interfacial debonding. Strong interfacial adhesion can successfully postpone damage nucleation. A high particle volume fraction can result in an increase of the rigidity. Due to the damage mechanisms induced by interfacial debonding, the greater the particle volume fraction, the greater the density of microcracks formed at the interface. The effect of the strain rates on the damage is time-dependent, ie a low strain rate favours damage development. The residual strain is related to the residual deformation of the microvoids formed at two poles of the particles.
